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Summary 
Considerable knowledge of pavement behaviour under static loads is available world-wide. The 
behaviour of concrete pavements under dynamic loads, however, has not received much attention 
and hence is not well understood at present. To address this need, a 3D finite element analysis using 
diverse axle groups with different speeds from 2 km/h to 110 km/h has been performed. Two 
pavement types namely, jointed plain concrete pavement (JPCP) and jointed reinforced concrete 
pavement (JRCP) are investigated. Maximum dynamic tensile stresses and deflections influence 
lines are presented to demonstrate the pavement response, and calibrated against existing results. 
Critical speed and dynamic amplification are also determined as well as critical location of fatigue 
cracking. Results indicate that dynamic analysis is essential for pavement design, particularly for 
JPCP.  
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1. Introduction 
Until now, vehicular loading is commonly modelled as static loads in concrete pavement design 
guidelines although it has a dynamic nature. However, dynamic analysis of concrete pavements has 
been attracting researchers’ attentions for quite a while. The American Association of State 
Highway and Transportation Officials (AASHTO) [1] conducted an experimental test on concrete 
pavements to determine effect of vehicle velocity from 3.2 km/h to 95.6 km/h on pavement 
responses by using different types of single axle truck vehicles. The AASHTO results showed that 
an increase in vehicle speed from 3.2 to 95.6 km/h decreased the pavement responses by about 29 
per cent. In contrast, Izquierdo et al. [2], in an experimental study on a concrete pavement resting 
on a subbase with low stiffness under heavy truck loads, found that vehicle velocity can noticeably 
increased the base deflections or stresses. 
Numerical modelling is often performed to complement experimental research. Concrete pavements 
were modelled as a thick or thin plate [3, 4], as solid elements [5], or as beam element [6] resting on 
viscoelastic foundation (a combination of damper and spring) in finite element analysis. A moving 
point load [6], wheel load [3, 5], single axle load (SAL) [7] or tandem axle load [4] was employed 
in dynamic analyses. Effects of load transfer devices involving dowels, tie bars and aggregate 
interlock [3, 7] and variations of damping property [4] and surface roughness [5, 6] on dynamic 
response of concrete pavements were also considered in some studies. 
Results of some dynamic studies on moving point or wheel loads showed that dynamic analysis is 
not needed for concrete pavement design [3, 8 and 6]. Furthermore, results of transient tandem axle 
dual tyre (TADT) analysis [4] showed that velocity did not have a significant effect on maximum 
longitudinal stress in JPCP. Gillespie et al. [9] mentioned that effect of vehicle speed on concrete 
pavements was not severe. However, results of a transient SAL analysis [7] indicated that axle 
 velocity significantly decreased the magnitude of transverse tensile stresses in jointed reinforced 
concrete pavement (JRCP). In contrast, results of a 3D finite element analysis of concrete 
pavements indicated that a change in surface roughness [5, 6] or pavement damping property [4] 
produced dynamic stresses at bottom surface layer of concrete pavements that was greater than the 
static stresses at the same point. Moreover, the dynamic fatigue cracking of the pavement during its 
life may be greater than the fatigue cracking based on static values of the tensile stress [8, 9]. Hence, 
dynamic analysis cannot be neglected. 
Whilst pavements are subjected to axle group or truck loads, point and wheel loads have been 
widely used in most dynamic investigations to simplify the analytical procedure. Other dynamic 
studies on concrete pavements have been also restricted to particular single axle or tandem axle 
loadings. However, structural dynamic responses of concrete pavements may be affected by 
configuration, magnitude, frequency and location of applied loads. Furthermore, effects of subbase, 
reinforcement, shoulder, and adjacent traffic lanes have not been clearly described in dynamic 
studies. Consequently, further studies are required to understand effects of other axle groups on 
concrete pavement dynamic response [2]. In order to determine the effects of the above mentioned 
parameters on dynamic response of concrete pavements, both JPCP and JRCP are analysed in the 
present study using Finite Element techniques and subjected to different transient axle group loads.  
2. Methodology 
It is known that dynamic structural response depends on the ratio λ of load frequency (ϖ ) to 
natural frequency of the structure. Several modal analyses were thus carried out to determine the 
range of the fundamental natural frequency of concrete pavements namely, JPCP and JRCP (details 
of pavement modelling can be found in Section 2.1). Results of modal analysis show a variation of 
20 to 58 Hz in first mode frequency of concrete pavements. Results also indicate that an increase in 
the subgrade modulus of elasticity or a decrease in base or subbase thickness results in an increase 
of fundamental natural frequency of the pavement. For usual sub-grade strengths and vehicular load 
frequencies, this implies that the thicker the concrete base, the more sensitive it is to dynamic loads.  
Evidence shows that the load frequency is between 0 and 20 Hz based on frame bending vibration 
mode frequency for trailer and tractors [9], and between 2 and 15 Hz based on truck’s suspension 
vibration frequency [10]. Gillespie et al. [9] also found that for trucks, load frequency is 4.6 Hz for 
a speed of 58 km/h and 6.5 Hz for a speed of 82 km/h. Based on these data and assuming that a 
linear relationship exists between vehicle speed and load frequency, ϖ  may vary between 0.159 
and 8.724 Hz for a speed between 2 km/h and 110 km/h. This range may be attributed to the 
excitation of other shape modes of concrete pavements depending on location of axle group loads 
upon pavements. As a result, λ varies between 0 and 0.436 which indicates that dynamic analysis 
may result in a more significant pavement response in some circumstances. It should be noted that 
surface roughness has not been considered at this stage; however, there is evidence that it has 
significant effects on the dynamic responses of concrete pavements [5, 6]. 
2.1 Model Description 
Two individual 3D finite element models with overall dimensions 5100 × 18400 mm , as shown in 
Fig. 1, were developed based on AUSTROAD 2004 concrete pavement design guide [11] using 
ANSYS software (version 10.0) to investigate structural behaviour of JPCP and JRCP. Each model 
contains three layers namely concrete base, cement-stabilized subbase and subgrade.  
Solid 64 with Drucker-Prager material properties was used to simulate subgrade soil behaviour. The 
length and width of the soil layer were made 2 m and 1.5 m, respectively, larger than length and 
width of the subbase layer. The extra length and width were needed to avoid applying unnecessary 
boundary conditions on the side elements which could restrict the deformation of subgrade layer in 
longitudinal and transverse directions and could also affect the pavement responses. The sub-grade 
layer, which rested on a concrete layer, had a thickness of 500 mm, modulus of elasticity (E) of 69 
MPa, Poisson’s ratio (ν ) of 0.4, cohesion (c) of 0.001 MPa and angle of internal friction (ϕ ) of 32˚. 
A subbase layer of 150 mm thick (E = 5000 MPa and ν  = 0.15) was modelled on top of the 
subgrade. The area of subbase was calculated based on the width and length of the base, width of 
transverse and longitudinal joints and width of shoulder. A bonded interface action was considered 
between subgrade and subbase. A single traffic lane confined at one of the longitudinal edges by 
 shoulder was modelled over the subbase. Four and two slab panels were considered along the 
longitudinal direction for JPCP and JRCP, respectively. For JPCP, the width and length of each slab 
panel were 3600 mm and 4600 mm (Fig. 1), respectively; while for JRCP they were 3600 mm and 
9205 mm, respectively. The width of the shoulder and the thickness of the base and shoulder were 
1500 mm and 250mm, respectively. Conventional concrete with compressive and flexural tensile 
strengths of 32 and 5MPa (E = 28000 MPa and ν  = 0.2) was used in the model. 
Bonded interface boundary conditions were considered between the base and subbase. Solid 65, 
which allows cracking in tension and crushing in compression, was employed to simulate structural 
behaviours of base and subbase. Beam element with bending and shear capabilities was used to 
simulate dowels and tie bars. Steel tie bars consisting of four 14mm diameter (φ ) in JPCP and eight 
φ 14 mm in JRCP with 1000 mm length were evenly placed along the longitudinal joints of each 
individual slab panel. Twelve dowels of φ  32mm were positioned at transverse joints. Both dowels 
and tie bars were located at the middle of the base thickness. Truss element (link8 – 3D spar, one 
directional element with tensile capability) was used to simulate reinforcement in the JRCP. A 
mesh reinforcement of φ 16mm at 250 mm intervals was modelled at middle of the base thickness. 
Saw cuts with 5mm width and 50 mm depth were modelled at both longitudinal and transverse 
joints. No boundary condition was applied on the side elements of the base and subbase. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Finite element model of the JPCP 
Diverse axle group types including Single 
Axle Single Tyre (SAST), Single Axle Dual 
Tyre (SADT), Tandem Axle Single Tyre 
(TAST), Tandem axle Dual Tyre (TADT), 
Triple Axle Dual Tyre (TRDT) and Quad Axle 
Dual Tyre (QADT) with average loads of 53 
kN, 80 kN, 90 kN, 135 kN, 181 kN, and 221 
kN [11] were separately applied upon the 
pavement and close to the confined 
longitudinal joint. Different velocities (2, 45, 
80, 110 km/h) were considered. Critical axle 
group configurations based on the research 
carried out by Darestani et al. [12] were 
employed in the current research. A distance 
of 300 mm between the centres of dual tyres 
and an axle length of 1800 mm were therefore 
assumed. The axle spacing was 1100 mm for 
all axle groups. 
Tyre pavement contact area was assumed to be rectangular. Axle group load was assumed to be 
equally distributed among axles and then among the wheels. Each of these wheel loads were then 
distributed among the nodes representing it at the top base surface. These nodal loads were then 
moved along longitudinal direction of the pavements based on relevant time steps. Time step is the 
most significant parameter in the transient moving analysis which can affect the accuracy of the 
results. Hence, the value of time step for each individual speed was calculated based on the ANSYS 
manual recommendation [13] (time step ≤ 1/(20ϖ )). As a result, the value of time step was 
considered to be 0.18, 0.008, 0.0045, or 0.0033 s for all axle groups with a speed of 2 km/h, 45 
km/h, 80 km/h or 110 km/h, respectively. 
2.2 Model Calibration 
For calibration purposes, a finite element model of JPCP with two adjacent traffic lanes in the 
transverse direction and three slab panels in the longitudinal direction was created to simulate the 
experimental pavement of Izquierdo et al. [2]. A heavy truck load with three axle groups including 
SAST, TADT and TAOT (Tandem Axle Octa Tyre) was used in the original experiment. Figure 2 
shows a comparison between the base deflection influence line derived from the finite element 
analysis used in the current research and the results of experimental test [2] for a point at the middle 
of free longitudinal edge of the centre slab, with a load speed of 48 km/h. The comparison 
demonstrates that the current model can accurately simulate the real behaviour of concrete 
pavements and proves that the suppositions of the current research described earlier (regarding the 
use of larger subbase area and applying no boundary condition on the side elements of the model) 
 do not affect the accuracy of the results. 
3. Results and Discussion 
3.1 Effects of Single Axle Speeds on Pavement Response 
Results of the current study (Fig. 3) show that the speed of single axle groups (SAST and SADT) 
has no significant effect on the peak values of tensile stress of JPCP and JRCP. However, a speed of 
45 km/h slightly creates greater tensile stress in the pavements. Maximum tensile stress occurs 
close to wheel path and at the bottom of the base. 
In terms of tensile stress, current results from moving SAST agrees perfectly with those of Chattie 
et al. [3] and Liu and Gazis [6] which indicated that static and dynamic analyses produce 
comparable values. However, a discrepancy in terms of variation of tensile stress with speed can be 
observed between results of the current study for single axle loads with those published by 
AASHTO [1] and Zaghloul and White [7] which indicated that an increase in vehicle speed rapidly 
decreases the longitudinal or transverse stresses.  
Nodal stress monitoring in the current study reveals that variations of transverse or longitudinal 
stresses do not always represent variation of the most critical stresses in a concrete pavement due to 
a moving load, as higher tensile stresses with different scenario may exist elsewhere within the 
pavement and far away from the monitored location.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Calibration of Finite element analysis               Fig. 3 Tensile stress influence line in JPCP 
 
 
 
 
 
 
 
Fig. 4 Comparison of transverse stress at 
confined edge and GM stress in JRCP 
Figure 4 compares the transverse tensile stress 
with the relevant global maximum (GM) 
stress at the same time step in the JPCP when 
subjected to moving TADT load. A point at 
the bottom surface layer of confined 
longitudinal edge and close to transverse joint 
was considered for monitoring the value of 
transverse tensile stress. The GM stress is the 
maximum tensile stress that can be induced in 
concrete pavements due to dynamic loads. 
The location of maximum GM stress depends 
upon several factors such as speed, type and 
configuration of axle groups and can occur anywhere within the pavements. Results show that 
depending on the vehicle speed, the transverse stress may increase or decrease. The GM stress, on 
the other hand, does not change appreciably up to a speed of 80 km/h but thereafter increases with 
speed. This may be the reason why there have been conflicting findings reported in the literature i.e. 
some researchers may have reported that speed decreased the value of transverse stresses whereas 
others may have found that speed increases the GM stress. Therefore, in the subsequent sections, 
the terms “maximum tensile stress” or “tensile stress” refers to the GM stress. 
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 3.2 Effects of Tandem Axle Speeds on Pavement Response 
For tandem axle group loads (TAST or TADT), an increase in speed of up to 80 km/h has no 
significant effect on the induced tensile stress in the JRCP. However, a greater speed (110 km/h) 
rapidly decreases the value of tensile stress in the JRCP by about 50 per cent. TAST with speed up 
to 80 km/h induces similar behaviour in JPCP. However, a speed of 110 km/h strongly affects the 
pavement response so that the local tensile stress of the pavement increases by about 11 per cent 
although the maximum tensile stress is relatively similar to that of static analysis.  
Figure 5 shows GM stress influence line for different speeds when a TADT is applied on the JPCP. 
It is seen that speed significantly affects the value of tensile stresses in the JPCP so that a speed of 
110 km/h increases the maximum tensile stress in pavement by about 12 per cent. It should be noted 
that the local tensile stress due to TADT in some cases can be about 58 per cent higher than that of 
static loads, for example at 7.4 m from the free transverse edge. Speed increment also affects the 
location of maximum tensile stresses so that the critical location in static analysis which is often 
located near transverse joints moves toward the middle of the concrete slab span. It should be noted 
that the results of the current study are not in agreement with those published by Kim et al. [4] as 
their investigation was based on longitudinal tensile stress in JPCP. The discrepancy is attributed to 
a number of reasons as described in the previous section (3.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Tensile stress influence line in JPCP 
3.3 Effects of Triple and Quad Axle Speeds on Pavement Response 
Speed has different effects on tensile stress values of JPCP and JRCP when they are subjected to 
TRDT or QADT loading. In JRCP, speed up to 45 km/h has no effect on the magnitude of tensile 
stress. Increasing speed from 45 km/h to 80 km/h decreases the tensile stresses by about 7 per cent. 
In contrast, a speed of 110 km/h may produce tensile stresses of more than twice the stress from 
static analysis (Fig. 6). Only for JPCP, a speed of 80 km/h increases the tensile stress by about 25 
per cent and 40 per cent for TRDT and QADT, respectively (Fig. 7).  
3.4 Speed Effects on Base Deflection  
Figure 8 is an example of JPCP’s deflection response to TADT loading. Generally, an increase in 
speed from 2 to 110 km/h increases the maximum base deflection by about 20 per cent depending 
on axle group types. Since subgrade erosion is a function of base deflection [11], the increase in 
speed may accelerate the erosion of subbase or subgrade materials which may occur at transverse or 
longitudinal edges of the pavements. 
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 3.5 Critical Speed and Location of Severe Damage  
As mentioned earlier, speed affects the magnitude and the location of maximum tensile stresses in 
concrete pavements depending on axle group types. Table 1 presents type of required analysis 
(static or dynamic) as well as the critical speed for each axle group type for JPCP. The locations 
which are prone to fatigue cracking based on the value of tensile stress are also listed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Tensile stress influence line in JRCP due to QADT 
Hendrick et al. [8] and Gillespie et al. [9] indicated that dynamic analysis is not necessary for 
concrete pavement analysis and design. However, their experimental or theoretical implicit 
probability studies showed that dynamic fatigue cracking is more severe than static fatigue cracking. 
Results of the current study clearly show that dynamic analysis produces higher tensile stresses 
(depending on speed and type of the axle groups) and base deflections in concrete pavements. 
Because of these, dynamic fatigue cracking is always more severe than static fatigue cracking.  
It should be noted that dynamic analysis was not found to be essential when SAST, SADT, TAST 
or TADT is applied on the JRCP. However, dynamic analysis of TRDT and QADT at a speed of 
110 km/h significantly increases the tensile stresses in the JRCP by abut 50 and 125 per cent, 
respectively. Areas close to transverse joints may thus be prone to severe fatigue cracking. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Tensile stress influence line in JPCP due to QADT 
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 3.6 Effect of Reinforcement 
While the provision of reinforcement has no effect on maximum base deflection, it strongly affects 
the maximum tensile stress as slab length is increased in JRCP. A comparison between the results 
of the JRCP and JPCP show an increase of 18, 15, 104, 97, 94 and 85 per cent in maximum tensile 
stress in JRCP when SAST, SADT, TAST, TADT, TRDT and QADT are respectively applied on 
the pavements. These increments also depend on type, diameter and number of reinforcement bars 
in longitudinal and transverse directions as well as their vertical locations in the concrete base and 
length to width ratio of concrete slab panel. The boundary surface conditions (bonded or unbonded) 
between base and subbase and also between subbase and subgrade can change the location of 
neutral axis of the total pavement and consequently increase or decrease the value of induced tensile 
stresses at bottom surface layers of the JRCP.  
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
   
Fig. 8 Base deflection influence line in JRCP due to TADT 
 
Table 1 Type of required analysis in JPCP for each axle group 
 
Types 
of 
Axle 
Group 
Required 
Analysis 
Velocity 
(km/h) 
Global Dynamic 
Amplification (%) 
Local Dynamic 
Amplification. (%) 
Location of Severe 
Damage 
SAST Static or 
Dynamic 
45 6 0 near transverse joint 
SADT Static or 
Dynamic 
45 1.7 11.1 near transverse joint 
45 0.4 0 near transverse joint TAST Static or  
Dynamic 110 -1.2 11.4 quarter point of slab* 
TADT Dynamic 110 12.11 58 midpoint of slab 
TRDT Dynamic 80 24 35 quarter point of slab* 
QADT Dynamic 80 41 45 quarter point of slab* 
* from transverse joints 
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 4. Conclusion 
Effects of different transient axle groups on dynamic response of the JPCP and JRCP in terms of 
maximum tensile stresses and deflections were described in this paper. The critical speed of those 
axle groups with greater dynamic amplification was also determined as well as the critical location 
for severe fatigue cracking. The present study has confirmed that dynamic analysis is required to 
accurately predict pavement failure, especially for JPCP. Fatigue cracking is affected by axle group 
types and speed. Damage location may be close to transverse joints, at midpoint or in some cases at 
Quarter point of slab. 
Further studies are needed to determine effects of daytime and night time temperature gradients, 
loss of moisture content, transfer devices, width of joints, bonded and unbonded boundary 
conditions between base and subbase, surface roughness, traffic wander, length to with ratio of the 
concrete slab panel, and width of longitudinal and transverse joints on dynamic structural response 
of different concrete pavements under diverse transient axle group loads. 
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